1. Introduction
===============

In 2003, severe acute respiratory syndrome (SARS) emerged as a deadly global threat ([@bib15], [@bib26], [@bib32]). The pathogen was identified as severe acute respiratory syndrome coronavirus (SARS-CoV) ([@bib4], [@bib12], [@bib18], [@bib27]), which is an enveloped, single-strand plus-sense RNA virus. Spike (S), nucleocapsid (N), membrane (M) and envelope (E) are its major structural proteins ([@bib4], [@bib18], [@bib27]).

Like other coronaviruses, SARS-CoV entry is mediated by the S protein ([@bib10], [@bib11], [@bib29], [@bib37]). The S protein consists of 1255 amino acids that forms typical petal-shaped spikes on the surface of SARS-CoV ([@bib12]). There is no direct evidence that the S protein of SARS-CoV is processed proteolytically into the S1 receptor-binding subunit and the S2 membrane fusion subunit, but the two subunits can be predicted by sequence alignment with other coronavirus S proteins ([@bib27], [@bib30]). Angiotensin converting enzyme 2 (ACE2) has been demonstrated to be a functional receptor for SARS-CoV in vitro and in vivo ([@bib13], [@bib16]) by binding to the receptor-binding domain (RBD, amino acids 319--510) of the S protein ([@bib3], [@bib36]). Additionally, there are 23 potential N-linked glycosylation sites in the SARS-CoV S protein ([@bib27]), and two are in the RBD.

Usually, ligand binding induces endocytosis of the receptors. Our previous study demonstrated that the binding of the S protein to endogenous ACE2 in mice resulted in down-regulation of ACE2 surface expression ([@bib13]), implying ACE2 internalization. Therefore, we would like to explore whether RBD, the minimal receptor-binding domain on the S protein, could induce endocytosis of the receptor.

To test this hypothesis, we used the recombinant RBD spike protein as a defined model system, which avoided possible effects of other fragments on the S protein. We constructed a new vector using a human codon-optimized RBD DNA sequence, and created a stable RBD-Fc-expressing cell line. The RBD spike protein could then be secreted into culture medium and easily purified by Protein A affinity chromatography. The flow cytometry assay and immunostaining experiments demonstrated the endocytosis of the RBD spike protein by susceptible cells together with ACE2. At the same time, the removal of N-glycans from the RBD spike protein could still induce ACE2 internalization. To our knowledge, this is the first report showing that the receptor-binding domain of SARS-CoV alone can trigger the endocytosis of susceptible cells.

2. Materials and methods
========================

2.1. Construction of the recombinant plasmid
--------------------------------------------

The amino acids 319--510 of the SARS-CoV spike protein are mapped as the minimal ACE2-binding domain (RBD) ([@bib3], [@bib36]). The cDNA fragment encoding the RBD was amplified by PCR using a plasmid, PUC18-S as the template, which contains the human codon-optimized SARS-CoV (Urbani strain) spike protein (GenBank accession no. [AAP13441](AAP13441)) coding sequence synthesized by Generay Inc., and the primers (forward: 5′-GGC[GCTAGC]{.ul}CATCACCAACCTGTGCCCC-3′, containing NheI recognition site; reverse: 5′-CGC[GGATCC]{.ul}GTCACGGTGGCGGGGGCGTTC-3′, containing BamHI recognition site). The PCR product was digested with NheI and BamHI, and then cloned in-frame downstream of the leader peptide of human CD5 antigen (CD5L), and upstream of the Fc portion of human IgG1 (Fc) in the Peak13 expression vector (provided by B. Seed, Harvard Medical School, Boston, MA), which was also digested by NheI and BamHI. The resulting recombinant plasmid was named Peak13-RBD-Fc.

2.2. Cell cultures
------------------

VeroE6 cells (African green monkey kidney cell line), HEK293 cells (human embryo kidney cell line) and a HEK293 cell line stably expressing RBD-Fc (RBD-Fc-293) or human ACE2-GFP (ACE2-GFP-293) were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C with 5% CO~2~.

2.3. Establishment of a stable RBD-Fc expressing cell line
----------------------------------------------------------

The day before transfection, HEK293 cells were trypsinized and plated into 6-well plate at a density of 2 × 10^5^  cells per well. The next day, 0.5 μg Peak13-RBD-Fc plasmid linearized by AvrII or an equal volume of H~2~O was transfected into the HEK293 cells using lipofectamine™ 2000 (Invitrogen) according to the manufacturer\'s protocol. After 48 h, aliquots of the transfected cells were transferred into selection medium containing increasing concentrations of puromycin (0.3, 0.4, 0.5, 0.6 and 0.7 μg/ml). After 3 days, the transfected HEK293 cells were selected in suitable puromycin concentration, under which some cells transfected with the Peak13-RBD-Fc plasmid survived, but those transfected with H~2~O all died, and were transferred into 96-well plate using a limited dilution method. After about 10 days, 10 μl of culture supernatant from a single confluent cell colony in the 96-well plate was assayed for RBD-Fc expression by Western blot using anti-human IgG (whole molecule) peroxidase conjugated antibody (Sigma). The highest RBD-Fc expression clone was selected by an ELISA assay for recombinant protein production.

2.4. ELISA
----------

2 × 10^5^  cells from each RBD-Fc-293 cell clone were seeded in 6-well plates and cultured with 2 ml culture medium (DMEM containing 10% FBS) for 72 h. The concentration of the RBD-Fc protein in culture supernatant was quantified with an ELISA assay, which was performed using BD OptEIA™ Reagent Set A (BD Biosciences) as described by the manufacturer. Briefly, 96-well flat bottom EIA/RIA plates (Corning, NY) were coated overnight at 4 °C with 100 μl culture medium, the human IgG standards serial diluted in culture medium (10 ng to 30 μg/ml) or the cell culture supernatant of each RBD-Fc-293 cell clone. Then, wells were washed once with Washing Solution, blocked with Assay Diluent for 1 h at room temperature and washed with Washing Solution three times. Next, anti-human IgG (whole molecule) peroxidase conjugated antibody (Sigma) diluted in Assay Diluent (1: 5000) was added to each well, and gently agitated at room temperature for 1 h. After being washed eight times, 100 μl of Substrate Reagent was added to each well and wells were incubated at room temperature in the dark for 30 min. Finally, the reaction was stopped using Stop Solution and color development was monitored at a wavelength of 450 nm.

2.5. Protein purification
-------------------------

The cell culture supernatant of RBD-Fc-293 cells was harvested and dialyzed with a solution (20 mM sodium phosphate and 1 mM EDTA, pH 7.0) over 8 h. After centrifugation at 4000 rpm for 30 min, the supernatant was filtered through 0.45 μm Durapore membrane filters (Millipore, Ireland). The purification of RBD-Fc protein was performed using HiTrap Protein A HP 5 ml column (GE healthcare Amersham Biosciences AB) and Econo™ Gradient Pump Tubing Kit (Bio-Rad, USA) according to the manufacturer\'s protocol. In brief, the column was first washed with 10 column volumes of the binding buffer (20 mM sodium phosphate, pH 7.0) at a flow rate of 5 ml/min. Then the cell culture supernatant was pumped onto the column. Next, the column was washed with 20 column volumes of the binding buffer followed by the supernatant. Finally, the RBD-Fc protein was eluted with 2--5 column volumes of the elution buffer (0.1 M glycine, pH 3.1). Neutralization buffer (60--200 μl, 1 M Tris--HCl, pH 9.0) was added to each collection tube. The RBD-Fc protein was further purified using a HiTrap Protein A HP 1 ml column (GE healthcare Amersham Biosciences AB). The protein concentration was determined using Protein Assay Dye Reagent Concentrate (Bio-Rad) according to the manufacturer\'s protocol, in which bovine serum albumin (BSA) was used as a standard.

2.6. SDS-PAGE and Western blot analysis
---------------------------------------

Samples were mixed 1:1 with 2× loading buffer (2% SDS, 5% sucrose, 0.1% bromphenol blue and 5% mercaptoethanol) and heated at 95 °C for 5 min. SDS-PAGE was performed using 5% stocking and 10% or 12% separating acrylamide gels ([@bib14]). A broad range of pre-stained protein marker kit (6--175 kDa, New England Biolabs) was used to determine approximate molecular mass. Proteins in gels were visualized using 0.25% Coomassie Brilliant Blue R-250 staining in 45% methanol and 10% acetic acid. The images of gels were captured using Furi FR-200 equipment with Smartview software (China). For Western blot analysis, proteins in gels were electrophoretically transferred onto a nitrocellulose membrane with a buffer of 20 mM Trisbase, 153 mM glycine and 20% (v/v) methanol at 300 mA for 2 h. After being blocked in 2% chicken egg white albumin and 0.1% TritonX-100 at room temperature for 1 h, the membrane was incubated with anti-human IgG (whole molecule) peroxidase conjugated antibody (1:10,000 dilution, Sigma) for 1 h and washed three times with TBST buffer (50 mM Trisbase, 150 mM NaCl and 0.1% TritonX-100, pH 7.4). Finally, the membrane was developed with a Western blotting luminal reagent (Santa Cruz Biotechnology) to visualize positive signals.

2.7. Cell binding and internalization assay by flow cytometry
-------------------------------------------------------------

We detached 1 × 10^6^ VeroE6 cells using a 2 mM mixture of EDTA and PBS, and then incubated them with 350 nM purified RBD-Fc or Fc protein diluted in DMEM for 3 h at 4 °C or 37 °C, respectively. Next, the cells were washed with ice-cold PBS and incubated with a FITC-conjugated affinipure goat anti-human IgG (H + L) antibody (1: 100, Jackson ImmunoResearch) at 4 °C in the dark for 30 min. After being washed with ice-cold PBS, the cells were resuspended in PBS for flow cytometry using a flow cytometer (Beckman Coulter Epics Elite ESP). The results were analyzed by Expo32 v1.2 analysis software.

2.8. Deglycosylation of the RBD-Fc {#sec1}
----------------------------------

Removal of N-glycans from the RBD-Fc protein was performed using PNGase F (New England Biolabs). To maintain the natural conformation of the deglycosylated molecule, 2 μl PNGase F (1000 U) was directly added to 100 μg purified RBD-Fc protein in 200 μl protein store buffer (1 M Tris and 0.1 M glycine, pH 7.0) and then incubated for 10 h at 25 °C. As the completely deglycosylated control, purified RBD-Fc protein was first denatured and then deglycosylated using methods described by the manufacturer. Briefly, the protein was first denatured in 5% SDS and 10% β-mercaptoethanol at 100 °C for 10 min, then mixed with 1/10 volume concentrated PNGase F reaction buffer (0.5 M sodium phosphate, pH 7.5) and 10% NP-40. The sample was digested with 2 μl PNGase F (1000 U) for 2 h at 37 °C. A 2 μg portion was analyzed on a SDS-PAGE gel by Coomassie Brilliant Blue staining. The image of the gel was captured using Furi FR-200 equipment with Smartview software (China).

2.9. Microscopy {#sec2}
---------------

The ACE2-GFP-293 cells were digested with trypsin and seeded in 24-well plates at a density of 2 × 10^4^ cells per well. After 24 h, the Fc or the RBD-Fc, the deglycosylated RBD-Fc under nondenatured conditions (dg-RBD-Fc) or the mixture of PNGase F and RBD-Fc were added into the cultures to reach a final concentration of 1.5 μM. They were then incubated for 3 h at 37 °C with 5% CO~2~. Results were determined using fluorescence microscopy (Nikon Eclipse TE 2000-U). The images were captured with RS image software using a Nikon digital camera Dxm1200F and then adjusted with Adobe Photoshop 7.0. For each sample, over 30 optical fields were chosen randomly.

For the immunostaining experiment, ACE2-GFP-293 cells were seeded on coverslips in the 24-well plate. After incubation with Fc or RBD-Fc as described above, the cells were washed with phosphate-buffered saline (PBS) three times, and then fixed with 4% paraformaldehyde for 15 min and permearized with 0.1% TritonX-100/PBS for 30 min. After being blocked with 1% BSA in 1× PBS, samples were incubated with Alexa Fluor 568-conjugated goat anti-human IgG (H + L) (1:200, Molecular Probes) at room temperature for 1 h and washed with 0.5% Tween20/PBS three times. Results were determined using confocal laser-scanning microscopy (Leica, DMIRE2), and the images were analyzed by Leica confocal software.

2.10. Statistical analysis
--------------------------

The statistical significance of differences between the RBD-Fc and the Fc treatments was accessed by Chi-square test. Differences with *P*  \< 0.05 were considered to be significant.

3. Results
==========

3.1. Construction of recombinant plasmid Peak13-RBD-Fc
------------------------------------------------------

To get the cDNA fragment encoding the RBD of S protein, PCR was performed using plasmid PUC18-S as the template, which contains the human codon-optimized SARS-CoV spike gene. The PCR product was cloned into the Peak13 expression vector. The leader peptide of human CD5 antigen (CD5L), which efficiently directs the synthesis and export of secreted and membrane-bound proteins ([@bib1]), was placed in-frame upstream of RBD. The Fc portion of the human IgG1 (Fc) at the C-terminus of the RBD can be used to monitor protein expression and allow for natural recombinant protein purification. The recombinant plasmid, Peak13-RBD-Fc, was verified by restriction endonuclease analysis and DNA sequencing.

To confirm recombinant protein expression, Peak13-RBD-Fc was transiently transfected into HEK293 cells. At 3 days post-transfection, 10 μl of culture supernatant was harvested for a Western blot using a human IgG-specific antibody. The result of Western blot revealed the expression of a human Fc-tagged protein at approximately 64 kDa ([Fig. 1](#fig1){ref-type="fig"} ), which was slightly higher than the predicted size of the RBD-Fc fusion protein based on amino acid composition due to the glycosylations.Fig. 1Expression and purification of the RBD spike protein of SARS-CoV. Western blot (WB) analysis of RBD-Fc protein expression using a human IgG-specific antibody. HEK293 cell culture supernatant (lane 1), the culture supernatant of HEK293 cells transiently transfected with Peak13-RBD-Fc (lane 2). Coomassie Brilliant Blue (CBB) staining of 10% SDS-PAGE analysis of the purified recombinant RBD-Fc protein.

3.2. The expression and purification of recombinant RBD-Fc protein
------------------------------------------------------------------

In order to express the RBD protein permanently in mammalian cells for future research, the stable RBD-Fc-expressing cell lines (RBD-Fc-293) were established. After screening using puromycin, seven positive monoclones were obtained by Western blot analysis. To compare the protein yield, 2 × 10^5^  cells from each clone were cultured for 72 h and the culture supernatant was harvested for an ELISA assay using a human IgG-specific antibody. The highest concentration of RBD-Fc expression clones in the cell supernatant reached 14 mg/l.

Due to the high, specific affinity of the Fc portion of the human IgG1 with protein A, two-step affinity chromatography was performed using HiTrap Protein A HP 5 and 1 ml columns in succession. The two chromatographic steps isolated the recombinant RBD-Fc protein, which migrated on 10% SDS-PAGE at approximately 64 kDa ([Fig. 1](#fig1){ref-type="fig"}), consistent with the result of Western blot. Coomassie brilliant blue staining indicated over 90% purity of the RBD-Fc protein ([Fig. 1](#fig1){ref-type="fig"}).

3.3. Endocytosis of SARS-CoV RBD spike protein by susceptible cells together with ACE2
--------------------------------------------------------------------------------------

Our previous study demonstrated that SARS-CoV S protein encoded by a synthesized, human codon-optimized gene bound specifically to human ACE2 over-expressed in HEK293 cells or endogenous ACE2 in VeroE6 cells ([@bib13]). To verify whether the independent RBD spike protein we obtained above can bind to ACE2, we performed a flow cytometry binding assay of RBD-Fc to VeroE6 cells at 4 °C using a FITC-conjugated human IgG-specific antibody. In comparison to VeroE6 cells incubated with Fc, the fluorescence intensity on the surface of those incubated with RBD-Fc at 4 °C obviously increased ([Fig. 2](#fig2){ref-type="fig"}A), which indicated that the purified RBD spike protein could bind to endogenous ACE2 on the surface of VeroE6 cells. Our results demonstrated that the purified RBD spike protein was properly folded.Fig. 2SARS-CoV RBD spike protein was internalized by the susceptible cells together with ACE2. (A) Decreased cell surface-bound RBD-Fc protein following incubation with VeroE6 cells at 37 °C compared to 4 °C. After incubation with VeroE6 cells for 3 h, cell surface-bound Fc or RBD-Fc proteins were detected using a FITC-conjugated human IgG-specific antibody. Representative FACS histograms are shown for three independent experiments. Blue and black histograms represent the results from the cells incubated with the RBD-Fc or Fc at 4 °C, respectively. The red histogram represents the results from the cells incubated with the RBD-Fc at 37 °C. (B) ACE2 internalization is the RBD spike protein-dependent. After ACE2-GFP-293 cells were incubated with the RBD-Fc or Fc protein at 37 °C for 3 h, the distribution of ACE2-GFP molecules in live cells was observed under a fluorescence microscope. (C) Co-localization of ACE2 and the RBD of SARS-CoV in ACE2-GFP-293 cells under a confocal laser-scanning microscope. After incubation with the RBD-Fc or Fc protein at 37 °C for 3 h, ACE2-GFP-293 cells were washed to remove excess RBD-Fc or Fc protein and then fixed with 4% paraformaldehyde. Immunostaining was performed using an Alexa Fluor 568-conjugated human IgG-specific antibody to detect the distribution of the Fc or RBD-Fc protein in the cells. (D) and (E) Statistical analysis of the differences between the RBD-Fc and Fc protein treatments (Chi-square test). \*\**P* \< 0.001. "Live cells" means that the treated cells were directly observed under a fluorescence microscope. "Immunostaining cells" means that the treated cells were first fixed and immunostained, and then observed under a confocal laser-scanning microscope.

It is known that at both 4 and 37 °C, virions can bind to the surface of host cells. For the B-lymphotropic papovavirus (LPV), the binding capacity is similar at 4 and 37 °C ([@bib8]). For HIV-1, the affinity of virion-bound gpl20 for soluble CD4 at 37 °C is higher than that at 4 °C ([@bib20]). However, internalization only occurs at 37 °C. It is known that cellular endocytosis is a mechanism for SARS-CoV entry ([@bib11], [@bib35]). Our previous study using a flow cytometry assay showed that SARS-CoV S protein is internalized by VeroE6 cells together with ACE2 at 37 °C ([@bib13]). The RBD of the S protein binds to ACE2, which is the ligand of ACE2. To determine whether the RBD spike protein binding leads to the endocytosis of SARS-CoV by susceptible cells, a flow cytometry internalization assay was performed. A FITC-conjugated human IgG-specific antibody cannot pass through the plasma membrane of live cells, so it was used to detect the cell surface-bound RBD-Fc protein. The fluorescence intensity on the surface of VeroE6 cells incubated with RBD-Fc at 37 °C was much weaker than those incubated at 4 °C ([Fig. 2](#fig2){ref-type="fig"}A). We speculate that this decrease of fluorescence intensity might result from the internalization of RBD-Fc by VeroE6 cells.

To visualize the changes of the receptors on susceptible cells, we incubated ACE2-GFP-293 cells, which stably express human ACE2 fused with GFP at its C-terminus on the surface, with RBD-Fc at 37 °C for 3 h, using Fc protein as a control. We then observed them under a fluorescence microscope. According to [@bib28], the receptor-internalized cells (positive cells) were judged by the following criteria: (a) the green cell boundary became weak and vague; and (b) three or more clear and visible green vesicles existed in the cytoplasm. In the cells incubated with the Fc protein, besides the presumed protein synthesis and trafficking sites in the cytoplasm, strong green fluorescence was predominantly on the plasma membrane ([Fig. 2](#fig2){ref-type="fig"}B), which was similar to the fluorescence distribution of the untreated cells (data not shown). However, the intensity of the green fluorescence on the surface of those cells incubated with RBD-Fc was very low, accompanied by clear and visible green vesicles in the cytoplasm of almost all cells (96.2%; [Fig. 2](#fig2){ref-type="fig"}B, D and E). In contrast, only 6.1% of cells had visible green vesicles in the cytoplasm in the control ([Fig. 2](#fig2){ref-type="fig"}D and E). These results show that after incubation with the RBD spike protein, ACE2 internalization occurred, which suggested that ACE2 internalization was the RBD spike protein-dependent.

To further confirm ACE2 internalization was caused by the RBD spike protein binding, we performed immunostaining experiments to track Fc or RBD-Fc localization in ACE2-GFP-293 cells. After being incubated with RBD-Fc or Fc protein at 37 °C for 3 h, ACE2-GFP-293 cells were washed to remove excess RBD-Fc or Fc protein and then fixed with 4% paraformaldehyde. Next, immunostaining was performed using an Alexa Fluor 568-conjugated human IgG-specific antibody to detect the distribution of Fc or RBD-Fc protein in the cells. As shown in [Fig. 2](#fig2){ref-type="fig"}C, there were strong Fc fluorescence signals in the cells incubated with the RBD-Fc, whereas no Fc signal was detected in the cells incubated with the Fc. This indicated that the RBD spike protein was internalized into the cells after incubation. Furthermore, the Fc signals overlapped with the ACE2-GFP signals in the cytoplasm and on the cell surface ([Fig. 2](#fig2){ref-type="fig"}C, D and E), which suggests that the RBD spike proteins are co-localized with ACE2 proteins in these cells. The Fc signals especially accumulated in the green vesicles seen in live cells ([Fig. 2](#fig2){ref-type="fig"}B and C). The results demonstrated that the binding of the RBD spike protein to ACE2 induced internalization by endocytosis.

3.4. Removal of N-glycans of RBD-Fc can still induce ACE2 internalization
-------------------------------------------------------------------------

Glycosylation on spike proteins has been reported to affect virus entry ([@bib5], [@bib6], [@bib22]). For the influenza virus, certain glycans near the receptor-binding site affect the binding of the HA to cellular receptors ([@bib22]). We therefore explored whether glycosylation on the RBD spike protein has an effect on the interaction between SARS-CoV and ACE2. The S protein of SARS-CoV has 23 potential N-linked glycosylation sites ([@bib27]), and a minimal ACE2-binding domain (amino acids 319--510) contains two (amino acids 330 and 357), which are N-linked glycosylated when expressed in HEK293 cells ([@bib3]). The RBD-Fc we expressed migrated at approximately 64 kDa on the SDS-PAGE gel ([Fig. 1](#fig1){ref-type="fig"}), which was slightly larger than the molecular mass of the RBD-Fc based on amino acid composition. We speculated that RBD-Fc might therefore be N-linked glycosylated. To confirm this, deglycosylation of the RBD-Fc was performed using PNGase F, which hydrolyzes all types of N-glycan chains. After treatment with PNGase F, the single band of approximately 64 kDa migrated as a 54 kDa band on a 12% SDS-PAGE gel ([Fig. 3](#fig3){ref-type="fig"}A, lanes 1 and 2), which indicated that the RBD-Fc was N-linked glycosylated in HEK293 cells. To maintain the natural conformation, the RBD-Fc protein was deglycosylated with PNGase F under nondenaturing conditions. As shown in [Fig. 3](#fig3){ref-type="fig"}A (lane 3), the N-glycans in the RBD-Fc were removed under nondenaturing conditions as completely as under denaturing conditions.Fig. 3Removal of N-glycans of RBD-Fc can still induce ACE2 internalization (A) the RBD-Fc protein was N-linked glycosylated in HEK293 cells. The purified RBD-Fc (lane 1), the purified RBD-Fc was deglycosylated with PNGase F in the presence of SDS (lane 2), the purified RBD-Fc was deglycosylated with PNGase F in the absence of SDS (lane 3). (B) The deglycosylated RBD-Fc under nondenaturing conditions (dg-RBD-Fc) can still induce ACE2 internalization as the glycosylated RBD-Fc. ACE2-GFP-293 cells were incubated with the Fc protein (a), the RBD-Fc protein (b), the mixture of PNGase F and RBD-Fc (c) and the dg-RBD-Fc (d) at 37 °C for 3 h. The distribution of ACE2-GFP molecules in live cells was observed under a fluorescence microscope. (C) and (D) Statistical analysis of the differences among treatments of the RBD-Fc, the dg-RBD-Fc or the mixture of PNGase F and the RBD-Fc using Chi-square test. *P* \< 0.05 was considered to be significantly different.

Given that the binding of SARS-CoV RBD spike protein induced ACE2 internalization, we wondered whether N-linked glycosylation on the RBD could affect ACE2 internalization. We incubated ACE2-GFP-293 cells with RBD-Fc or dg-RBD-Fc. To eliminate the possible effects of any remaining PNGase F in the deglycosylation reaction, the mixture of PNGase F and RBD-Fc was used as a control. We observed that the deglycosylated RBD-Fc induced ACE2 internalization by susceptible cells as effectively as the glycosylated RBD-Fc ([Fig. 3](#fig3){ref-type="fig"}B, C and D), which demonstrated that the removal of N-glycans does not affect the RBD spike protein binding to ACE2, at least under our experimental conditions (see Section [2.8](#sec1){ref-type="sec"} and Section [2.9](#sec2){ref-type="sec"}).

4. Discussion
=============

Understanding the biochemistry of SARS-CoV infection is important for the development of a drug or vaccine against SARS-CoV. The receptor-binding domain (RBD) on the S protein can mediate SARS-CoV binding to ACE2 and contains major neutralizing epitopes ([@bib31]), which elicit higher titers of neutralizing antibodies ([@bib9]). Therefore, it is a key target for inhibiting SARS-CoV infection. Here, we constructed and expressed the human codon-optimized RBD spike protein of SARS-CoV, which several other laboratories have also used ([@bib2], [@bib16], [@bib36], [@bib34]). The recombinant RBD spike protein yield can reach 14 mg/l in cell culture medium.

The VeroE6 cell line contains ACE2 on its surface, which is extensively used to culture SARS-CoV. A flow cytometry binding assay demonstrated that the purified RBD spike protein specially bound to ACE2 on the surface of VeroE6 cells. In addition, immunostaining experiments on ACE2-GFP-293 cells showed that ACE2 co-localized with the RBD spike protein on the cell surface, which further demonstrates the binding of the RBD spike protein and ACE2. These results indicate that the purified recombinant RBD spike protein is properly folded.

Cell entry is the first step in virus infection. Many viruses can activate cellular signal transduction pathways after binding to the plasma membrane ([@bib7], [@bib21], [@bib25]), in order to make use of the cell machinery for entry. Cellular endocytosis is often used by viruses for entry ([@bib19], [@bib24]). Viruses may enter different cell types via different endocytotic pathways. SARS-CoV mainly utilizes the clathrin-dependent endocytosis pathway for its entry into HepG2 cells ([@bib11]). However, SARS-CoV can enter VeroE6 cells in a novel clathrin- and caveolae-independent endocytotic pathway ([@bib35]). Our previous study showed that the SARS-CoV S protein could induce the internalization and recycling of ACE2 ([@bib35]). Here, we demonstrate that the RBD spike protein alone can be internalized together with ACE2. We propose that after binding to ACE2, the RBD spike protein activates the ACE2 mediated cellular endocytosis signal pathway, by which SARS-CoV enters the susceptible cells.

Our previous study demonstrated the rennin--angiotensin system (RAS) was involved in SARS pathogenesis ([@bib13]). ACE2 functions as a carboxypeptidase, which plays a central role in regulating the severity of acute lung failure during the disease process, together with other components of the RAS ([@bib13]). SARS-CoV S-protein-mediated down-regulation of ACE2 appears to contribute to the severe acute lung injury in SARS ([@bib13]). Here, we demonstrate that the binding of the RBD spike protein leads to ACE2 internalization. This is consistent with worsened acid-induced acute lung injury by RBD spike protein treatment in wild type mice ([@bib13]). It has also been reported that in other viruses, the virus receptor is down-regulated by the interaction with the virus ligand. For instance, after binding with HIV gp120, CD4 was internalized and led to the impairment of immune cell functions ([@bib33]), and the binding of measles hemagglutinin resulted in the down-regulation of its receptor, CD46, to disrupt the complement pathways and immune systems ([@bib23]). Therefore, in addition to using receptors for cell entry, many viruses may induce down-regulation of the receptor to impair its normal function, leading to severe disease.

The S protein of SARS-CoV has 23 potential N-linked glycosylation sites ([@bib27]), two of which are in the RBD. Through treatment with PNGase F, we demonstrated that the RBD spike protein was N-linked glycosylated in HEK293 cells, which is consistent with the result obtained by site-directed mutagenesis analysis ([@bib3]). Here, we demonstrated that N-glycans did not affect RBD binding to ACE2 through the ACE2 internalization assay induced by the RBD spike protein, which is in agreement with co-crystal RBD expressed in Sf9 cells bound with ACE2 ([@bib17]) and previous mutagenesis analysis ([@bib3]). The role of glycosylation in SARS-CoV infection is to be further investigated.

In conclusion, we created the stable RBD-Fc-expressing cell lines, and we demonstrated SARS-CoV RBD spike protein induced cell endocytosis after binding to ACE2. Additional N-glycans on the RBD spike protein had no effect on its binding to ACE2. Cell endocytosis is an important mechanism for SARS-CoV entry. Our study shows that the RBD spike binding is the trigger for this entry pathway, which further confirms the importance of the RBD spike protein in SARS-CoV infection. Because the RBD spike binding to ACE2 contributes to SARS pathogenesis, the use of subunit vaccines based on the RBD spike should be considered carefully. A RBD spike protein mutant, which diminishes or eliminates its avidity with ACE2, but retains the major neutralizing epitopes, is desirable. Previous study has shown that the replacement of two active-site histidines of ACE2 by asparagines does not affect the syncytia formation mediated by the SARS-CoV S protein ([@bib16]). A soluble form of enzyme-inactive ACE2 may be used for SARS therapy.
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